Barium titanate ceramics doped with 0.3 mol.% lanthanum and co-doped with 0.3 mol.% lanthanum and 0.05 mol.% manganese were investigated. The powders were prepared by a modied polymeric precursor method based on the Pechini process. The ceramics were obtained by sintering at 1300
Introduction
Over the years barium titanate (BaTiO 3 , BT) has been exceedingly investigated due to its very interesting practical applications in capacitors, thermistors, varistors, energy converting systems etc. The perovskite structure of barium titanate (ABO 3 ) has the capability to host different sized ions and the properties of this material could be tailored by doping. Doping is possible at both A and B sites and it depends on the valence and radius of the substituting ions [1] . The barium titanate crystal structure, microstructure and dielectric properties could be changed by incorporation of very low concentrations of dopants into its lattice. Some dopants shift BT transition temperatures or induce broadening of the εT curve and many of them cause diuseness of the ferroelectric phase transition [2, 3] . The degree of diuseness of the phase transition could show a continuous change from classical ferroelectric to diuse ferroelectric or to relaxor, depending on the type and concentration of dopant incorporated in the BT lattice.
Lanthanum as a donor dopant commonly substitutes
Ba in the lattice of barium titanate. Since La 3+ has a dierent valence than Ba 2+ this change produces a charge imbalance and induces n-type semiconductivity.
Therefore, charge compensation requires the production of electrons, electron holes or titanium (V Ti ) and oxygen analyzed using the commercial software package Z-view.
Results and discussion
Barium titanate pure and doped nanopowders with round shaped particles ≈ 5070 nm were prepared by a soft chemical method, a modied Pechini process [3] .
Synthesized powders were used to prepare ceramic samples by pressing into pellets. In accordance with previous results sintering was performed at 1300 • C for 8 h [3] .
X-ray diraction measurements ( Fig. 1) showed formation of a tetragonal crystal structure in barium titanate ceramics identied by the appearance of characteristic diraction peaks (JCPDS les no. 05-0626). Lattice parameters were calculated using the Lsucri program and a crystal structure change was evident. The tetragonality (c/a) of the BTL ceramic was 1.0102, while for BTLM it was lower than 1.0078. The decrease of tetragonality noticed after addition of dopants suggested the formation of defects in the BT lattice. Adding both lanthanum and manganese in the structure led to the appearance of many more irregularities in ion packaging and stabilization of the pseudo-cubic structure [10, 11] . La 3+ substitutes a Ba ion in the barium titanate lattice and [MnTi ] is also quite possible [7] . These changes of crystal structure can inuence the dielectric spectrum of this material. SEM micrographs showed a ne grained microstructure in both ceramics with a uniform grain size distribution and high percentage of porosity ( Fig. 2b and c) .
Dierent authors have found high porosity in BT samples doped with lanthanum prepared by various methods, as well [12] . The density of both materials was around 85%.
It was observed that lanthanum inhibits grain growth in comparison with pure barium titanate (grain size ≈ 2.5 µm, density 92%) prepared by the same chemical method (Fig. 2a) where with the increase of Mn content the microstructure became more homogeneous [13] . Mn segregation at grain boundaries and therefore inhibition of grain growth is also possible. According to the obtained microstructure, it was expected that the microstructure formed in BTLM ceramics could enable better dielectric properties of the material. The phase transitions that correspond to T C−T (cubic-tetragonal) and T T−O (tetragonal-orthorhombic) (Fig. 3) in the temperature range from 223448 K were noticed.
The phase transition T O−R (orthorhombic--rhombohedral) was not identied because it is below the temperature range of our measurements [14] . The position of the T C−T peak in doped ceramics was shifted to lower temperatures in comparison with 120 • C found for pure BT (Table) . Literature data also con- Ba Ba → La Ba + e .
Next, the ionic, titanium-vacancy compensation mechanism is also possible for concentrations of La below 0.3 mol.% and it is presented by
The presence of La on a Ba site makes the tetragonal The characteristic T C−T peak for pure barium titanate was sharp (Fig. 3a) . The shape of this phase transition in doped samples was found to be broader, indicating the eect of dopants on dielectric properties. This is especially evident for BTL ceramics. A certain degree of phase transition diuseness can be noticed from the presented diagrams. Therefore, the modied CurieWeiss law was used to determine the degree of diuseness of the barium titanate phase transition. The modied Curie
Weiss law was presented by the following equation:
where γ and C are modied constants, ε max is the dielectric permittivity maximum at the transition temperature T max (T C−T ) [18] . The constant γ gives information about the character of the phase transition and it varies between 1 in the case of a classical ferroelectric and 2 for relaxor materials. The constant γ represents the slope of the graph between ln(1/ε − 1/ε max ) and ln(T − T max )
and is an indicator of the diuseness or disorder of the phase transition (Fig. 4) . The results obtained for diffuseness for BT, BTL and BTLM ceramics are presented in Table. It can be noticed that lanthanum increased the This is in agreement with the study performed by Arlt et al. [20] where BT samples with a grain size ≈ 0.5 µm possessed the highest dielectric constant value. These authors consider that a plausible explanation is based on the size of the ferroelectric domain structure. When the grain size decreases, the size of the ferroelectric 90
• domains will become smaller and hence the material will have more but smaller domains.
Since the permittivity of BT ceramics is considered to be the sum of a volume contribution and domain wall contribution, the increase in permittivity of ne-grained BT can be explained primarily by a large number of 90
• domain walls per unit volume [20] . It can be assumed that very low concentrations (up to 0.6 mol.%) of lanthanum are completely incorporated in the BT lattice as proposed by other authors [19] , inuencing the dielectric constant increase. The dielectric loss factor showed lower values for BTLM ceramics in comparison with BTL (Table) . These results are in agreement with the fact that manganese is usually added with donor dopants in order to reduce the dissipation factor [7, 21] .
Regarding electrical resistivity, in pure barium titanate prepared by the same processing methods, the electrical resistivity was > 10 8 Ω cm, indicating BT insulating behaviour. The addition of dopants into barium titanate usually leads to the appearance of semiconducting behaviour and in some cases appearance of the positive temperature coecient of resistivity (PTCR) eect.
The resistivity of a material depends on transport processes that occur in grains and grain boundaries. Free carrier motion is often inuenced by the grain size and grain size distribution, secondary phases, nature and place of impurities, crystal lattice disorder, defects, etc.
[2224]. Both doped ceramics (BTL and BTLM) were bluish, indicating the formation of n-type semiconducting materials [25, 26] . Electrical resistivity of the BTL ceramics at room temperature was 1.3 × 10 5 Ω cm and it was lower than 1.1 × 10
7 Ω cm obtained for the BTLM ceramics.
Adding of lanthanum and manganese led to a grain size reduction and formation of defects (V Ti and V O vacancies, as well as La/Mn defect complexes [7, 10] ). and modulus (M ) with frequency at 500
In order to complement and verify the data obtained by tting of the impedance complex plane plot (Z − Z ) the Z f and M f spectroscopic plots were used for the extraction of grain and grain boundary resistivities of the BTLM material (Fig. 6) [27, 28] . Z spectra dominated by the grain boundary response and the Debye-like peak can be used to estimate R gb and C gb . The obtained R gb = 2.3 × 10
6 Ω cm and C gb = 0.5 nF are values similar to those obtained from the complex impedance spectrum (Fig. 5) conrming the high contribution of grain boundary resistivity to the total resistivity of the material. M spectra are dominated by the grain response and R g and C g could be calculated from it. Since M spectra did not show a Debye-like peak for the impedance measurements at 500 • C, these results were not obtained.
The Future work may lead to the development of novel materials with higher dielectric permittivity and a homogeneous but porous structure that can possibly nd application in humidity sensors.
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